Comparative modeling and ab initio multiconfigurational quantum chemistry are combined to investigate the reactivity of the human nonvisual photoreceptor melanopsin. It is found that both the thermal and photochemical isomerization of the melanopsin 11-cis retinal chromophore occur via a space-saving mechanism involving the unidirectional, counterclockwise twisting of the =C11H-C12H= moiety with respect to its Lys340-linked frame as proposed by Warshel for visual pigments [Warshel A (1976) Nature 260 (5553):679-683]. A comparison with the mechanisms documented for vertebrate (bovine) and invertebrate (squid) visual photoreceptors shows that such a mechanism is not affected by the diversity of the three chromophore cavities. Despite such invariance, trajectory computations indicate that although all receptors display less than 100 fs excited state dynamics, human melanopsin decays from the excited state ∼40 fs earlier than bovine rhodopsin. Some diversity is also found in the energy barriers controlling thermal isomerization. Human melanopsin features the highest computed barrier which appears to be ∼2.5 kcal mol −1 higher than that of bovine rhodopsin. When assuming the validity of both the reaction speed/quantum yield correlation discussed by Warshel, Mathies and coworkers [Weiss RM, Warshel A (1979) J Am Chem Soc 101:6131-6133; Schoenlein RW, Peteanu LA, Mathies RA, Shank CV (1991) Science 254(5030):412-415] and of a relationship between thermal isomerization rate and thermal activation of the photocycle, melanopsin turns out to be a highly sensitive pigment consistent with the low number of melanopsincontaining cells found in the retina and with the extraretina location of melanopsin in nonmammalian vertebrates.
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ultrafast isomerization | thermal noise in photoreceptors | conical intersection | QM/MM method | computational photobiology F or a long time it was assumed that the human retina contains only two types of photoreceptor cells: the rods and cones responsible for dim-light and daylight vision, respectively. However, recent studies have revealed the existence of a small number of intrinsically photosensitive retinal ganglion cells (ipRGCs) that regulate nonvisual photoresponses (1) . ipRGCs express an atypical opsin-like protein named melanopsin (2, 3) which plays a role in the regulation of unconscious visual reflexes and in the synchronization of endogenous physiological responses to the dawn/dusk cycle (circadian rhythms) (4, 5) .
Melanopsins are unique among vertebrate photoreceptors because their amino acid sequence shares greater similarity to invertebrate than vertebrate rhodopsin (i.e., the photoreceptor of rods) (6, 7) . Like rhodopsins, melanopsins feature an up-down bundle architecture of seven transmembrane α-helices incorporating the 11-cis isomer of retinal as a covalently bound protonated Schiff base (PSB11 in Fig. 1A ). Light-induced (i.e., photochemical) isomerization of PSB11 to its all-trans isomer (PSBAT) triggers an opsin conformational change that, ultimately, activates the receptor and signaling cascade (8, 9) . However, similar to invertebrate and in contrast to vertebrate rhodopsins, melanopsins are bistable (10) . Indeed, although vertebrate rhodopsins need a retinoid cycle (11) to regenerate PSB11, melanopsins have an intrinsic light-driven chromophore regeneration function via PSBAT back-isomerization. Furthermore, past studies have shown that melanopsins use an invertebrate-like signal transduction cascade (12) .
Melanopsins are held responsible for photoentrainment, using the changes of irradiance and spectral composition to adjust the circadian rhythm (13) . The different studies carried out so far on melanopsin light sensitivity do not lead to consistent results. Although Do et al. (14) argue that ipRGCs work at extremely low irradiation intensities showing a single-photon response larger than rods, Ferrer et al. (15) conclude that the melanopsin has a reduced sensitivity relative to visual pigments. On the other hand, these photoreceptors would be expected to display high light sensitivity (14) . In the vertebrate retina their density is 10 4 times lower than that of rhodopsins. Moreover, the receptor is not confined in a dedicated cellular domain such as the outer segment of rods and cones, resulting in a ipRGCs photon capture more than 10 6 -fold lower than that of rods and cones per unit of retina illumination. A high sensitivity of melanopsins would also be consistent with their presence in extraretina locations such as in pineal complex, deep brain, and derma of nonmammalian vertebrates (e.g., amphibian) (16) (17) (18) . The amount of light that can penetrate into such regions is limited and enriched in the red component due to light scattering by the surrounding tissues (14) .
The molecular-level understanding of the primary light response of melanopsin is a prerequisite for the comprehension of more complex properties such as its activation and sensitivity. Despite numerous studies carried out since its discovery (16),
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This article is a PNAS Direct Submission. there is presently little information on the molecular mechanism of melanopsin activation. The common PSB11 chromophore of melanopsins and rhodopsins does not guarantee that the same mechanism operates in both photoreceptors. This not only concerns light-induced activation but also thermal activation: a process whose rate limits the photoreceptor light sensitivity and that is currently associated with thermal, rather than photochemical, PSB11 isomerization (19) (20) (21) (22) (23) (24) .
The mechanism of light-induced PSB11 isomerization in vertebrate rhodopsins has been extensively investigated. Spectroscopic studies have shown that in bovine rhodopsin (Rh) the isomerization occurs on a subpicosecond timescale (25) (26) (27) . Moreover, the observation of ground state (S 0 ) vibrational coherence (28) is consistent with a direct transfer of the excited state (S 1 ) population to the photoproduct (Fig. 1B) passing through a conical intersection (CI). Such a path has been located along the S 1 potential energy surface by constructing a multiconfigurational quantum chemistry (MCQC) based computer model of the photoreceptor (29) (30) (31) and spectroscopically supported by probing in the infrared (31) . More recently (32) , the same computer model has been used to map the Rh thermal isomerization path (Fig. 1B) providing information on the transition states controlling the reaction.
Here we present a computational study focusing on the mechanism of photochemical and thermal isomerization of human melanopsin (hMeOp). This would require the construction of a computer model of hMeOp starting from the receptor crystal structure. However, the lack of hMeOp crystallographic data does not allow the use of the protocol previously applied in Rh studies. The significant sequence similarity between squid rhodopsin (sqRh), whose crystal structure is available (PDB code: 2Z73) (33), and hMeOp (40%, SI Appendix, Fig. S1 ) provides the fundamentals for constructing a structural model of hMeOp at a significant atomic resolution. Building on a study by Batista and coworkers (34) on murine melanopsin, we combine comparative modeling of hMeOp with MCQC to construct a quantum mechanics/molecular mechanics (QM/MM) computer model capable of simulating the photochemical and thermal isomerization reactions of hMeOp. The results are then compared with those found using Rh and sqRh models constructed using the same protocol. Such a comparison is expected to provide information on the differences in spectral and functional properties of these evolutionary distant pigments. As we will show below, the models indicate that hMeOp has a faster photochemical isomerization dynamics and a higher thermal isomerization barrier than both Rh and sqRh.
Results and Discussion Absorption Maxima. As reported in Table 1 , the ground state equilibrium hMeOp, sqRh, and Rh models, displayed in Fig. 2A and constructed using the common protocol described in the Methods section, reproduce the vertical excitation energies (ΔE S1-S0 ) associated with the observed absorption maxima (λ max ) (35-38) within a few kcal mol −1 . However, although the observed λ max for mammalian melanopsins fall in the 470-480-nm range, the computed ΔE S1-S0 values for the hMeOp model and for a murine melanopsin model (34) do not fall within the corresponding ∼2 kcal mol −1 range. This is attributed to the different protocols used to build the corresponding QM/MM models (SI Appendix provides details). To minimize the dependence of our results on methodological details, below we focus on the geometrical and ΔE S1-S0 changes displayed by our three consistent models. These changes are qualitatively stable when sampling the chromophore cavity configuration (Methods).
Comparison of the PSB11 dihedral angles of hMeOp with the corresponding sqRh and Rh quantities ( Fig. 2A) shows that the hMeOp chromophore has an enhanced torsional distortion. Indeed, in such a structure the C8-C9, C10-C11, and C12-C13 single bonds are all more than −10°twisted consistently with a backbone featuring a strong counterclockwise helicity. Because single-bond twisting breaks the π-conjugation and increases the S 1 -S 0 energy gap, we have evaluated the effect of the torsional distortion on ΔE S1-S0 along the hMeOp, sqRh, and Rh series by computing the ΔE S1-S0 of the isolated PSB11 chromophores extracted from their equilibrium opsin structures. From Table 1 it is apparent that, indeed, hMeOp displays a 3 kcal mol −1 larger ΔE S1-S0 relative to Rh, but just 1 kcal mol −1 larger compared with the sqRh homolog.
In our models the electrostatic effect of the protein is responsible for a 7-8 kcal mol −1 increased ΔE S1-S0 with respect to the isolated chromophores. To disentangle the factors responsible for such change, the qualitative effect of each cavity residue [defined as the residues with at least one atom within 4.0 Å from any atom of PSB11 (Fig. 2 B-D) ] has been studied. The hMeOp cavity contains 21 residues (excluding the retinal-bound lysine) and two waters. Among these, there are 14 apolar residues mostly located in the vicinity to the β-ionone ring (Fig. 2B) . The putative E215 counterion is located 6.1 Å away from PSB11. Notice that such residue is not homologous to the Rh E113 counterion but to E181 (39) . The effect of each residue is evaluated by recomputing the ΔE S1-S0 after setting to zero its charges. SI Appendix, Fig. S6 , shows that in hMeOp almost all sizable effects induce an increase The CI is located energetically above the TS, features a different geometrical structure, and drives a far-from-equilibrium process. ΔE S1-S0 , τ cis→trans , and Ea T (in red) are the fundamental quantities computed in the present work. in ΔE S1-S0 (a blue shift in λ max ), and the total contribution of the cavity is an increase of 12 kcal mol
. Despite its large distance from the Schiff base linkage, the largest effect comes from E215 which is responsible for a ∼5 kcal mol −1 increase. As shown in Fig. 2B , other sizable contributions of the same sign come from Q123 and the WAT367 and WAT368 waters. S220 has instead an opposite effect.
The computed ΔE S1-S0 changes are explained by considering that upon vertical excitation, ∼30% of the positive charge localized in the C=N region of the backbone is translocated toward the β-ionone ring (40) . Therefore, residues creating a negative (positive) electrostatic potential in the Schiff base region would stabilize (destabilize) the S 0 state with respect to S 1 . On the other hand, residues creating a negative (positive) potential on the β-ionone would stabilize (destabilize) S 1 with respect to S 0 . For hMeOp the blue-shifting effect appears to be mainly due to a cluster formed by relatively close residues. These constitute a sort of "distributed" counterion including the distant ionized residue E215 imposing a negative potential on the Schiff base. As shown in SI Appendix, Fig. S6 , only a few cavity residues lead to a decrease (a red shift) of the ΔE S1-S0 which would contrast the counterion effect.
The sqRh cavity contains 23 amino acids (Fig. 2C) . Similar to hMeOp, the 15 apolar residues are mostly around the β-ionone ring. The largest effect on ΔE S1-S0 is computed for the putative E172 counterion (again, the homolog of E181 in Rh) whose charge increases ΔE S1-S0 by ∼9 kcal mol . As shown in Fig. 2C , sizable effects are also attributed to N79, Y103, and S179. Although the sqRh cavity generates a blue shift similar to that of hMeOp the counterion structure shows some differences. In fact, sizable blue-shifting effects are now more limited, the cavity waters have little contributions and, as reported in SI Appendix, Fig. S6 , more red-shifting residues contrast the counterion effect. Furthermore, the ionized E172 residue is closer to PSB11 leading to an almost doubled ΔE S1-S0 change with respect to E215 in hMeOp. This points to a more localized counterion structure.
Finally, Rh contains 26 amino acids and two waters in its cavity. In the study we also included the E181, the homologue of the putative counterions of hMeOp and sqRh (Fig. 2D) . As also observed in hMeOp and sqRh, nonpolar amino acids are mainly located around the β-ionone ring. In line with previous results (40) (41) (42) ), the Rh model shows that the largest electrostatic effect is due to the putative E113 counterion (SI Appendix, Fig. S6 ). In fact, the E113 carboxylate is much closer to the Schiff base with respect to E172 and E215 carboxylates of sqRh and hMeOp, respectively, thus leading to a larger ΔE S1-S0 increase. The other sizable contributions come from the residues T118, S186, E181, W265, and the two waters but are all positive. Globally, the 27 residues in the cavity generate a blue shift of 10 kcal mol −1 , which results from large blue-shifting E113 effect contrasted by a cluster of residues creating a positive potential on the Schiff base region. This is consistent with the idea of a substantially "localized" counterion structure in Rh whose effect is partially quenched by the remaining opsin residues as also reported in previous studies using similar models (29, 40, 42) .
Photochemical Isomerization. The mechanism of light-induced isomerization has been investigated by running single S 1 trajectory computations starting from the S 0 equilibrium structures described above (without initial velocities) (30, 43) . These simulations were stopped whenever a near-degeneracy region (ΔE S1-S0 less than few kcal mol −1 ) was approached and associated to a conical intersection (CI) between S 1 and S 0 . Given the ultrashort timescale spanned by the trajectory, it is assumed that it represents the average behavior of the S 1 population as previously assessed by comparison with trajectory sets (30, 31) . Such an assumption has been tested by computing, for each model, eight trajectories featuring different initial configurations as well as by looking at the evolution of 100 trajectories for a reduced chromophore model (Methods and SI Appendix).
The results reported in Fig. 3 show that hMeOp, sqRh, and Rh all decay within 100 fs. However, the nonvisual pigment hMeOp is the fastest, reaching a CI point ∼40 fs earlier than the vertebrate pigment Rh which reaches the CI only after 90 fs consistently with previous results (30, 31, 43) . Despite these differences, as well as the differences in structure described above, we found that the isomerization mechanism is substantially the same. As detailed in SI Appendix, the isomerization begins with a large double-bond/single-bond inversion and is followed by multimode torsional deformations dominated by the skeletal C11=C12 (the reactive double bond) and the C9=C10 (the adjacent double bond) torsional coordinates. These changes are also documented by comparing the values of the corresponding . Notice the increase in counterion localization and parallel distance decrease with respect to the Schiff base when going from hMeOp to sqRh to Rh. This trend is accompanied by an increase in counterbalancing red-shifting residues (SI Appendix, Fig. S6 , provides further information).
dihedral angles at the S 0 equilibrium and CI structures in Figs. 2A and 3B. All three CIs display a 82°-88°twisted C11=C12 bond, a 27°-38°twisted C9=C10 bond, and an almost planar 1°-7°C10-C11 bond. This motion is consistent with a counterclockwise rotation of the -C10H-C11H-plane with respect to the rest of the backbone. As previously discussed for the case of Rh (30, 31, 44) , the resulting reaction coordinate is consistent with a variant of the so-called bicycle-pedal mechanism originally proposed by Warshel (45) and here extended to nonvisual and invertebrate pigments.
The sensitivity of the isomerization to the distributed and distant or localized and close counterion structure has been probed via trajectory computations (SI Appendix provides details). The hMeOp and Rh trajectories have been recomputed after setting to zero the charges of the corresponding putative E215 and E113 counterions, respectively. It is found (SI Appendix, Fig. S11 ) that the E215 charge only slightly affects the isomerization timescale of hMeOp. However, the removal of the E113 charges blocks the Rh isomerization. Further analysis shows that removal of the charges of the set of residues forming the distributed hMeOp counterion significantly increases the model isomerization timescale. Also, adding the charges of a glutamate to the neutral residue E181 after removal of the E113 charges in Rh (to mimic the putative hMeOp counterion position) restores the reactivity. Overall, these effects show that the PSB11 S 1 dynamics is very sensitive to the details of the counterion configurations.
Thermal Isomerization. Recently, we have reported on the geometrical and electronic structure of the transition states controlling the thermal isomerization in Rh (32) . Two transition states have been located featuring a charge transfer (TS CT ) and a diradical (TS DIR ) electronic structure and characterized by different bond length alternation (BLA) values (this is the difference between the average length of single and double bonds as assigned in Fig. 1A) , respectively. Although these transition states have been optimized in a series of Rh mutants, they have never been computed for other opsins. Accordingly, below we report the TS CT and TS DIR structures for hMeOp and sqRh.
In Fig. 4A we compare the TS CT and TS DIR structures for Rh, sqRh, and hMeOp. It is evident that the six transition states display a 90°through 92°twisted C11-C12 bond, a 22°through 28°twisted C9=C10 bond, and an almost planar 0°through 8°C10-C11 bond. Again, this motion is consistent with a torsional, counterclockwise rotation of the -C10H-C11H-plane with respect to the rest of the backbone, further extending the validity of Warshel's (45) mechanism to thermal isomerizations. Although TS CT and TS DIR have very similar torsional deformations, they mediate electronically different processes. TS CT mediates a heterolytic C11=C12 breaking consistent with a neutral closed-shell -C12-C13-C14-C15-NHmoiety, an inverted BLA pattern (compare Figs. 2A and 4A) , and a charge translocation with respect to the corresponding equilibrium structures. In contrast, TS DIR mediates a homolytic breaking consistent with a -C12-C13-C14-C15-NH-radical-cation moiety and a BLA closer to the reactant (also SI Appendix, Fig. S4 ).
The energy barriers (Ea T ) associated with TS CT and TS DIR are reported in Fig. 4B as a function of 1/λ max for Rh, sqRh, and hMeOp and indicate that TS CT controls the isomerization in all three cases. It is also apparent that the TS CT Ea T increases when the λ max is decreasing. The results are consistent with the Barlow (46, 47) correlation which establishes an inverse proportionality between thermal activation kinetic constants (measuring thermal noise) and λ max for vertebrate pigments. Recently, this proportionality has been investigated by constructing a set of QM/MM models for bovine Rh variants (mutants and derivatives where the A2 chromophore featuring an extended π-conjugation replaces the Rh native A1 (i.e., PSB11) chromophore) (32) .
In Fig. 4B we show that the computed Ea T vs. 1/λ max slopes for the TS CT and TS DIR of our Rh, sqRh, and hMeOp models are similar to those previously reported for the Rh variants (32) thus extending the Barlow correlation to sqRh and hMeOp. Notice, however, that hMeOp represents a borderline case where the TS CT and TS DIR have close Ea T values and where the TS CT and TS DIR correlation lines would cross for higher 1/λ max values. (Fig. 4B ) Thus, our models indicate that mutations extending the absorption of hMeOp further to the blue are not expected to lead to a decrease of thermal isomerization rate, as Ea T will decrease (32) after TS DIR starts to control the isomerization.
Light Sensitivity in Melanopsin. The light-induced isomerization quantum yield and the thermal isomerization rate are basic factors determining the level of light sensitivity of opsin photoreceptors. To enhance sensitivity, quantum yields must be maximized, whereas thermal rates, which create the "background noise" in the signal, must be minimized. Although Rh quantum yield computations have been reported (48) , their significance is limited by the affordable numbers of semiclassical trajectories and, most importantly, by the cost of accurate MCQC energy gradients (49) . To avoid these limitations, here we discuss the relative quantum yields of hMeOp, sqRh, and Rh using the correlation proposed by Weiss and Warshel (50) and Mathies and coworkers (25) who also provided supporting experimental evidence (51) .
The idea is that a large fraction of the S 1 population following the S 1 isomerization path would decay to S 0 via or in the vicinity of a CI. If this is the case, the larger the velocity of the S 1 reactant moving toward the CI, the higher is the reaction quantum yield consistently with a Landau-Zener model (52) . Although recent studies have denied the existence of such a correlation for the retinal chromophore in solution (53, 54) , this does not exclude that such correlation holds in the protein environment and when the S 1 lifetime is below a 100 fs threshold. In fact, this is in line with the more complete semiclassical treatment introduced by Weiss and Warshel (50) whose validity is also supported by the sudden change in charge distribution seen at decay in our models (SI Appendix, Fig. S8) . Thus, the change in quantum yield should correlate with the inverse of the S 1 lifetime which can be estimated by computing the τ cis→trans time required to reach the CI (Fig. 1B) . On the other hand, the trend in thermal isomerization rate may be estimated more directly by assuming that the change in rate will parallel the change in the corresponding potential energy barrier. This can be computed as the energy difference Ea T between the pigment lowest-lying transition state and its S 0 equilibrium structure (Fig. 1B) .
Both τ cis→trans and Ea T trends displayed in Figs. 3A and 4B point to hMeOp as the highest sensitive pigment, followed by sqRh and then Rh. In fact, our trajectories indicate that the S 1 dynamics of hMeOp is faster than that of Rh whereas its thermal isomerization barrier is 2.5 kcal mol −1 higher with respect to Rh. This difference in sensitivity is not paralleled by a change in reaction mechanism which remains substantially invariant for both the light-induced isomerization and the thermal isomerization despite the different opsin environment (especially the different counterion location and configuration).
The calculations above also indicate that, in hMeOp, the two S 0 transition states TS CT and TS DIR are closer in energy than in sqRh and in Rh. Thus, hMeOp would mark the border between a Barlow correlation and an anti-Barlow correlation where PSB11-based pigments with a λ max absorbing further to the blue would lead to an increase of the background noise. On the basis of our models one can therefore conclude that colors in the 470-480 nm range are the best perceived for both visual and nonvisual pigments incorporating an A1 chromophore.
In conclusion, to provide information on the events preceding the activation of nonvisual photoreceptors, we have compared consistent QM/MM models of human melanopsin and invertebrate and vertebrate rhodopsins. The models allowed studying the differences in structure, excitation energy, excited state lifetime, and thermal isomerization barriers. Assuming the validity of a correlation between isomerization speed and quantum yields for times below 100 fs and of a relationship between rate of thermal isomerization and thermal activation (20, 21) , our results are consistent with an extreme light sensitivity of ipRGCs and the detection of low levels of radiance. Although more work is required to precisely relate the opsin cavity residue composition with the simultaneous modulation of quantities such as λ max , τ cis→trans , and Ea T , our comparative analysis indicates the need to go beyond single-point charge models (55) and learn systematically the effect of more complex charge configurations. Indeed, the transition from distributed (a cluster of blue-shifting residues with a precise spatial configuration) to localized counterions deserves further investigation as distinct charge configurations may characterize nonvisual, visual invertebrate, and visual vertebrate photoreceptors.
Methods
The hMeOp model was constructed by comparative modeling, by means of the MODELLER program (56) using the crystallographic structure of sqRh (PDB code: 2Z73, chain A, 40% primary sequence similarity) (33) as a template (SI Appendix, Fig. S2 ). The sequence alignment used for comparative modeling is shown in SI Appendix, Fig. S1 . All protein portions but the N-term and C-term were modeled. One thousand models were built by randomizing all of the Cartesian coordinates of standard residues in the initial model. A high degree of model refinement was set. Finally, among the top 15 models showing the lowest violation of spatial restraints (i.e., as accounted for by the OBJECTIVE FUNCTION), model #490 was selected, being characterized by the highest value of both 3D-Profile score and stereochemical quality concerning the main chain dihedral angles.
The model was subjected to adjustment of the side-chain torsion angles when in nonallowed conformation and optimized by means of the Chemistry at Harvard Molecular Mechanics (CHARMM) force field, using the generalized Born with simple switching function (GBSW) implicit membrane/water model (57) . The retinal chromophore coordinates extracted from 2Z73 were kept fixed.
The resulting comparative model was used to start hybrid QM/MM (58, 59) calculations. QM/MM studies on structures obtained by comparative modeling have already been proposed in several studies (34, 60, 61) for proteins without an available crystal structure, such as the three human retina cone pigments. We supported the above protocol by building the model of human rhodopsin using the crystallographic structure of Rh as a template (95% sequence similarity) and reproducing the observed λ max .
Although the QM/MM model of hMeOp was constructed from its comparative model, the corresponding Rh and sqRh models were constructed starting from their crystallographic structures. The same protocol was used in all cases for consistency. It was shown that a hMeOP model featuring two cavity waters is thermally more stable than the one where the waters are absent. For consistency, two waters were then added to the homologous sqRh model which was found structurally stable (SI Appendix). In all models the retinal chromophore was treated quantum mechanically using the complete-active-space self-consistent field (CASSCF) method (62) and embedded in a protein environment described by the molecular mechanics AMBER force field. CASSCF is an ab initio MCQC method (i.e., with no empirically derived parameters and avoiding single-reference wavefunctions) offering a balanced description of the electronic and geometrical structure of a reacting molecule. The CASSCF wavefunction can be used for subsequent multiconfigurational second-order perturbation theory (CASPT2) computations of the dynamic correlation energy (63) of each state thus allowing for a more quantitative evaluation of energy barriers and excitation energies. In previous work we have shown that CASPT2//CASSCF-based (i.e., CASSCF geometry optimization and CASPT2 energy evaluation) QM/MM models reproduce spectroscopic properties within a few kcal mol −1 error (29, 64) . All final models and the resulting properties described above were tested for stability on the basis of additional models generated via a thermal sampling of the chromophore cavity residues. The details of the chosen QM/MM protocol and stability testing are reported in SI Appendix which also includes the details of trajectory and transition state computations.
